As it has been shown for Mcl-1, Bcl-xl and Bcl-2, proteins of the Bcl-2 family play a crucial role during T-cell development in the thymus. We here show that the expression of the antiapoptotic gene A1 is specifically enhanced at the DN3/ DN4 transition and in DP thymocytes that have been positively selected suggesting that A1 expression might be considered as a transcriptional signature of thymocytes that have received pre-TCR or TCR survival signal. Furthermore, we observed that A1-a overexpression in recombination activation gene 1-deficient mice transgenic for the major histocompatibillity complex class I-restricted F5 TCR enhances cell survival of DP thymocytes and permits accumulation of DP cells awaiting positive selection. However, A1-a overexpression has no effect on negative selection. Therefore, our results suggest that A1 plays a specialized role in allowing survival of DP thymocytes and that its role can be distinguished from that of Mcl-1, Bcl-xl and Bcl-2.
Introduction
Apoptosis plays a crucial role in the development and maintenance of an efficient immune system. The development of T cells in the thymus is characterized by the production of large numbers of immature thymocytes that undergo several steps of selection. Immature CD4 À CD8
À double negative (DN) cells, that are also T-cell receptor (TCR) negative, can be subdivided on the basis of CD44 and CD25 expression into four sequential developmental stages:
. For the cells committed in the ab T-cell lineage, TCRb rearrangement occurs at the DN3 stage. A functional TCRb chain resulting from successful rearrangement assembles with the preTCRa-chain (pTa) and CD3 chains to form the pre-TCR complex. Pre-TCR signals allow survival and further differentiation to the DN4 stage. Thus, the transition from DN3 stage to DN4 represents the first checkpoint in the development of T cells and is referred to as b selection. 1 This step allows survival and further differentiation of cells that had produced a functional TCRb chain. After the DN4 stage, immature thymocytes upregulate CD8 and CD4 expression, becoming CD4 þ CD8 þ double positive (DP) cells. The resulting DP population has an intrinsic life span of 3-4 days, during which they undergo multiple rounds of TCRa rearrangements to maximize the chances of forming a functional TCR ab heterodimer. 2 However, a great majority of DP thymocytes fail to form a TCR that interacts productively with self peptide/ MHC complexes and die by neglect as a result of the failure to receive an appropriate signal for the positive selection. In addition, negative selection leads to the deletion of DP thymocytes that express high affinity, potentially autoreactive, receptors. Thus, these three selection steps allow the differentiation of T cells, bearing functional TCR, that egress the thymus.
The life span of DP thymocytes depends on proper signals mediated first by the pre-TCR and then by the TCR. These signals ultimately regulate the expression of Bcl-2 family prosurvival members, which control susceptibility of DP cells to apoptosis. Indeed, Bcl-xl is highly expressed in DP cells and is thought to promote their survival as its deletion dramatically shortens their life span. 3 Bcl-2 is initially expressed at low levels in these cells, but is upregulated when DP cells are positively selected. [4] [5] [6] In addition, forced expression of Bcl-2 greatly increases the survival of DP cells in the absence of positive selection. [7] [8] [9] So far there is no evidence for a specific role of Mcl-1 at the DP stage, the loss of Mcl-1 was demonstrated to increase apoptosis of DN2 cells and to arrest thymocyte development at the DN3 stage.
positively selected and that overexpression of A1 in RagF5 TCR transgenic (Tg) mice enhances cell survival of DP thymocytes and permits the accumulation of DP cells awaiting for positive selection. However, A1 overexpression has no effect on negative selection.
Results

A1 expression in thymocytes
We and others recently identified A1 as an antiapoptotic gene of the Bcl-2 family that is regulated by signals initiated from TCR in mature peripheral T cells 11 and pre-TCR in thymocytes. 12 As both pre-TCR and TCR signals are essential for the development of T cells in the thymus, those data suggested that A1 may play a major role in regulating T-cell survival during T-cell development. Real-time RT-PCR analysis using cDNA isolated from FACS-sorted DN3, DN4, DP as well as CD8 and CD4 single positive (SP) thymocytes from C57BL/10 mice, reinforced this hypothesis. Real-time RT-PCR has been done using primers that coamplify all the three functional isoforms A1-a, A1-b and A1-d. As shown in Figure 1 , we observed that DN3 thymocytes expressed very low level of A1 mRNA. However, its expression was strongly upregulated (x9) in the DN4 subpopulation. In agreement with previous results 12 such upregulation at the DN3/DN4 transition is specific for A1 mRNA since expression of Bcl-xl, Bcl-2 and Mcl-1 are either marginally enhanced or downregulated. A1 expression is downregulated in DP thymocytes and then reexpressed at high levels in both CD8 and CD4 SP thymocytes. These data suggest that A1 expression might be considered as a transcriptional signature of thymocyte subsets that had received pre-TCR or TCR survival signals.
Increased thymic cellularity in A1-a transgenic mice
To assess the role of A1 during T cell development we developed A1-a Tg mice, using the human CD2 promoter to direct overexpression of A1-a in T cells. RagF5-A1 mice were generated by serial crossing of RagF5 with TgA1 mice. The TCR F5 is formed by combination of Va4 and Vb11 members of the a and b chain variable-region gene families, and recognizes a peptide of the influenza virus A/NT/60/68 nucleoprotein in the context of H2D b . 13 Therefore, expression of the F5 TCR skews postive selection towards the CD8 compartment. 14 We observed that the A1-a transgene is efficiently expressed in DN and DP thymocytes, but not in CD8 SP thymocytes or mature peripheral CD8 T cells in spleen or lymph nodes (data not shown). Real-time RT-PCR analysis using primers that coamplify all the three functional isoforms and the transgene, revealed, respectively, 2.8 and four times more A1 expression in DN and DP thymocytes from RagF5-A1 when compared to RagF5 control mice (Figure 2a) .
We next analyzed whether this overexpression of A1 in DN and DP thymocytes is associated with an increased thymic cellularity in RagF5-A1 mice. Thymuses from either RagF5-A1 or RagF5 control mice were collected from 1 day to more than 12 weeks after birth and total cell numbers as well as relative proportion of each thymocyte subpopulation were determined. We observed an increase in thymocyte numbers as soon as 1 week after birth in RagF5-A1 Tg mice, with a maximal thymic cellularity at 6 weeks in both control and 
A1 overexpression increases the survival of DP thymocytes
Thymocytes isolated from mice that overexpress antiapoptotic proteins of the Bcl-2 family such as Bcl-2 itself or Bcl-xl show reduced spontaneous apoptosis in culture as well as resistance to cell death induced by CD3-TCR engagment, glucocorticoids, ionizing radiation. [15] [16] [17] [18] We analyzed whether the accumulated DP thymocytes in RagF5-A1 Tg mice would also be more resistant to cell death. FACS-sorted DP thymocytes from either RagF5-A1 or RagF5 control mice were tested for their sensitivity to spontaneous apoptosis as well as glucocorticoid-and TCR-induced apoptosis. Whatever the stimulus tested, DP from RagF5-A1 mice survived better than control cells (Figure 3a) . However the protective effect of A1 overexpression remains lower than that reported for overexpression of Bcl-2 and Bcl-xl. [15] [16] [17] Increased numbers of thymocytes in RagF5-A1 may also result from a higher proliferation rate of thymocytes. We therefore examined thymocyte proliferation in vivo by injecting 5-bromo-2 0 -deoxyuridine (BrdU) into RagF5-A1 and RagF5 control mice. At 5 h after injection, thymocytes were removed, stained with antibodies against CD4, CD8 and BrdU, and the percentage of cells in each subset that had incorporated BrdU was determined. Similar percentage of BrdUpositive cells, were observed in DN, DP and CD8 subsets from both RagF5-A1 and RagF5 control mice. These results suggest that accumulation of DP in RagF5-A1 is mainly due to an increased survival rather than an increased proliferation of thymocyte subsets.
A1 overexpression permits the accumulation of non-positively selected DP thymocytes DP thymocytes are the target for both positive and negative selection two processes, that are regulated by TCR signaling. 19 We previously identified A1 as a direct target of TCR-mediated signals in mature T cells, 11 suggesting that A1 may play a major role in TCR-mediated survival. We therefore analyzed whether overexpression of A1 would affect positive or negative selection in RagF5 mice.
TCR density on DP cells can be used to discriminate between cells that had or had not undergone positive selection. 20 Such characteristic is applicable to RagF5 transgenic mice. Indeed it has been demonstrated that TCR expression in RagF5 mice is upregulated during the transition from DP through CD4 lo CD8 hi to CD4 À CD8 hi , 9 and that blockade of positive selection in mice lacking the CD3g chain or in CD3g-DITAM mutant mice results in the accumulation DP thymocytes that express low level of F5 TCR. 21 We therefore analyzed F5 TCR expression on DP cells from both RagF5-A1 and RagF5 control mice by flow cytometry with either antibodies against Vb11, recognizing the F5 TCR-b chain, or with specific pentamer. We observed that the percentage of Vb11 low expressing cells is highly increased in DP from RagF5-A1 mice when compared with RagF5 control mice (Figure 3c ), suggesting an increased survival of nonpositively selected DP thymocytes in RagF5-A1 mice. Similar results were obtained following pentamer staining (data not shown). In parallel, A1 expression in FACS-sorted Vb11 low and Vb11 high DP subpopulations from RagF5 control was analyzed by real time RT-PCR ( Figure 3d ). We observed a 3. (Figure 4b ). Of note that immunization with NP34 peptide only marginally affects DP cell numbers (Figure 4b ), indicating that upregulation of Vb11 expression is not due to preferential elimination of Vb11 lo DP thymocytes following NP34 treatment.
To confirm that A1 overexpression allows DP survival in the absence of positive selection, we have tested whether A1 overexpression would allow an extended survival of DP thymocytes in mice presenting a nonselecting MHC haplotype. The H2-q MHC haplotype is nonselecting for the F5 TCR and it as been demonstrated that T cell development is blocked at the DP stage in RagF5/H2 q/q mice. 9 We therefore analyzed thymic reconstitution from RagF5-A1 or RagF5 progenitors in H2 q/q recipient hosts. Bone marrow cells from either RagF5-A1 and RagF5 control mice were injected into irradiated B10-Q-H2 q /SgJ mice and thymic reconstitution was analyzed 4 weeks after cell transfer. In agreement with previous data, 9, 24 we observed that thymocyte development from RagF5 progenitors is blocked at the DP stage (Figure 4d ). Overexpression of A1 does not allow further T-cell development but the total DP cell number is increased by two-fold (Figure 4e ), indicating that A1 overexpression allows prolonged survival of DP in a nonselecting MHC backroung.
A1 overexpression does not affect negative selection of DP thymocytes
Exogenous administration of the NP68 peptide of influenza nucleoprotein was previously demonstrated to mimic negative selection and to cause clonal depletion in RagF5 mice. 25 RagF5-A1 and RagF5 control mice were therefore injected with NP68 antigenic peptide to test the effect of A1 overexpression on negative selection. As expected we observed that NP68 peptide induces a strong reduction of DP cell numbers in RagF5 control mice, with a total disappearance of Vb11 hi expressing cells (Figure 5a and b) . Similar results were obtained following injection of RagF5-A1 mice indicating that A1 overexpression in DP thymocyte does not inhibit negative selection.
Altogether those results suggest that A1 overexpression in DP cells would favor their survival in the absence of positive selecting signals but would not interfere with death signals involved in negative selection.
Discussion
T-cell development is characterized by the production of a large number of immature thymocytes that undergo several steps of selection, initiated by either pre-TCR or TCR signals. We and others recently identified A1 as a gene regulated by pre-TCR and TCR in thymocytes 12 or mature CD4 and CD8T cells 11 respectively. A1 consists of three highly homologous, separately encoded isoforms, A1a, A1b and A1d. A1d and A1b are the major isoforms expressed in thymocytes 12 (data not shown) and resting mature CD8T cells. 11 Following antigenic stimulation of naive CD8T cells the three isoforms are upregulated with a preferential increase of A1a and A1d. 11 C57BL/6 mice that overexpress the A1-a isoform under the control of the distal lck promoter show a marginal increased cellularity in lymphoid organs, with an average of 1.4 times more cells in the thymus. 26 We observed similar results in C57BL/10 mice overexpresssing A1-a under the control of the human CD2 promoter (data not shown). Restricting TCR repertoire to a unique TCR by generating mice overexpressing A1-a and F5 TCR on the Rag-1 À/À background (RagF5-A1) exacerbates thymic phenotype of A1 transgenic mice. Indeed, we observed an increased thymic cellularity in RagF5-A1 mice with almost three times more thymocytes in 6-weekold mice when compared with control RagF5 mice. However, we did not observe increased cell numbers in either lymph 
E.M. of three independent experiments
A1 controls survival of DP thymocytes C Verschelde et al nodes or spleens from RagF5-A1 mice, an observation that could be explained by the very low expression of the A1-a transgene in mature T cells. We showed that increased thymocyte number is associated with stronger accumulation of DP cells that are characterized by a higher resistance to apoptotic stimuli. Accumulation of DP cells in RagF5-A1mice is associated with a higher representation of Vb11 low expressing cells. These results support the hypothesis that overexpression of A1-a allows the survival of DP cells that would normally die as a result of the failure to receive positive selection signal, that is successful interaction of the TCR with self-peptide/MHC complex. This hypothesis is reinforced by our demonstration that A1 overexpression promotes the accumulation of DP thymocytes even in the context of a nonselecting MHC.
In mice expressing a unique TCR, the number of cells that will be positively selected is solely controled by the availability of endogenous self ligand presented by selecting MHC molecule. We showed here that exogenous administration of the NP34 antagonist peptide, a peptide which induces positive but not negative selection, restores normal Vb11 low / Vb11 high ratio, demonstrating that indeed overexpression of A1 allows accumulation of DP cells awaiting for positive selection. Supporting the idea that A1 may be a key protein for DP thymocyte survival, we observed that its expression is increased in positively selected thymocytes (TCR high ) from RagF5 mice. Of note that Bcl-2 and Mcl-1 expression are only modestly increased and Bcl-xl expression is downregulated between Vb11 low and Vb11 high stages. In order to support our data it would be interesting to examine thymocyte development in A1 deficient mice. Inactivation of the A1a isoform has been realized by gene targeting in mice and was reported to have only a minor impact on hematopoiesis with no apparent effect on T-cell survival. 27 However, A1a isoform is poorly express in both thymocytes and mature T cells. 11, 12 More recently, Oberdoerffer et al.
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developped a Cre/loxP-based approach to allow for the conditional deletion of the three A1 isoforms by RNAi in vivo.
Using that system the authors reduced A1 expression by seven-fold in thymocytes. They did not see any significant effect on thymocyte development, suggesting that a low level of A1 is sufficient for T-cell development in wild-type mice or that A1 might not be essential for T-cell development. In the absence of an approach that would permit a complete and simultaneous extinction of all A1 isorforms it remain difficult to definitively address the function of A1 in T-cell development. We also demonstrated in this study that overexpression of A1 in DP thymocytes does not affect negative selection in vivo. Therefore, the effect of A1 on T-cell development can be clearly differentiated from that of Bcl-2. Indeed using the RagF5 transgenic model, Williams et al., 9 demonstrated that Bcl-2 overexpression increases the total number of thymocytes by about two-fold, but at the difference from A1, Bcl-2 overexpression in RagF5 mice strongly enhances SP CD8 thymocyte population. Such an effect of Bcl-2 on a SP population can be explained by the demonstration that Bcl-2 but not A1 overexpression protects thymocytes from antigen induced negative selection. The effect of A1 on DP cell survival may also be distinct from that of Bcl-xl. First the expression profile of these two genes is clearly different, Bcl-xl being the major antiapoptotic gene expressed in DP thymocytes, however, we confirmed here that its expression is downregulated during positive selection. 29 Previous data demonstrated that Bcl-xl deletion 3 or overexpression 18 in the lymphoid compartment clearly affects survival of immature DP thymocytes before positive selection.
Finally despite redundant antiapoptotic function of A1, Bcl-2, Bcl-xl and Mcl-1, a comparative analysis of 1/their pattern of expression in thymocyte sub-populations, 2/the effect of their deletion or overexpression on T-cell development and 3/their regulation by T-cell survival signals, suggests that these four proteins may control different steps of T-cell development. We demonstrated here that A1 expression is upregulated at both b and positive selection steps and that A1 is capable of substituting for positively selecting signals, suggesting a specific function of A1 in pre-TCR and TCR-mediated survival signals during T-cell development. In contrast Mcl-1 and Bcl-2, two cytokine-regulated proteins, 10, 11 would be essential to control cytokine-dependent steps of thymocyte survival. Indeed Mcl-1 was demonstrated to be essential for survival of DN2 cells that undergo TCR rearrangement and are highly dependent on cytokines for their survival. 10 Similarly Bcl-2 overexpression was demonstrated to rescue T-cell development in IL-7 receptor deficient mice but not in Rag À/À mice.
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IL-7 is also a critical cytokine for survival of newly positively selected DP thymocytes and their differentiation into functionally SP T cells. At this stage IL-7 was demonstrated to upregulate Bcl-2 expression and therefore to provide survival signal to positively selected DP thymocytes. 31 We and others demonstrated that Bcl-xl is regulated by both TCR or cytokine receptor signals in mature T cells, 11, 32 however, its specific pattern of expression in thymocytes after the pre-TCR checkpoint during the time of TCRA rearrangement may reflect its regulation by other critical signals such as Wntfrizzled mediated signals. 33, 34 In conclusion, we propose that A1 expression may be crucial for the survival of DP thymocytes. Survival of DP thymocytes would be sequentially controlled, first by Bcl-xl during their migration from the cortex to the medulla then by TCR-mediated positive selection signals that would primarily upregulate A1. A1 upregulation would allow survival of newly selected DP cells, that will re-express IL-7Ra chain and then become sensitive to IL-7 which will provide survival signal by upregulating Bcl-2 (and/or Mcl-1) expression, but also signals that are required for their differentiation into functionally mature SP cells. 31 
Materials and Methods
Real time PCR
Thymocytes subpopulations were FACS-sorted according to CD4, CD8, CD117, CD44 and CD25 expression as described by Ceredig et al. 35 Total RNA was isolated by using NucleoSpin s RNA II kit (Macherey-Nagel). After DNase treatment (Pharmacia Biotech, Amersham), cDNA templates were obtained from 1 mg total RNA using Superscript II-RT kit (Invitrogen) with random hexamer primers (Promega). Detection of antiapoptotic genes from Bcl-2 family was made using following primer pairs: A1F 0 -gccacttggaggttgacacttt-3 0 . PCR efficiencies were comprised between 1.88 and 2.02. The PCR were performed with the Platinium SYBR Green qPCR SuperMix UDG (Invitrogen) on an Applied Biosystems GeneAmp 7600 thermocycler. Each sample was run in triplicate and data were analyzed in order to determine the relative gene expression of each antiapoptotic genes. Gene expression was normalized using geometric mean of housekeeping genes expression 36 and relative gene expression was calculated as previously described. 37 
Mice
In this study, we used C57BL/10 mice, B10-Q-H2 q /SgJ, RagF5 Tg mice that express a TCR recognizing an H2-D b -restricted A/NT/60/68 influenza virus NP epitope (NP68) and RagF5-A1 Tg mice that over-expressed a Nterminally flag-tagged version of the A1-a gene (fA1) under the control of the human CD2 minigene. 38 The retroviral vector containing the fA1 cDNA (pEYZ/FmA1) has been described previously. 39 A Xna I/Kpn2 I fragment containing the fA1, an internal ribosomal entry site (IRES) and a chimeric selection marker (eYFP/Zeocine) was inserted into the Sma I site of the human CD2 minigene cassette. The linearized hCD2-fA1-IRES-YZ cassette was microinjected into fertilized eggs from B6D2 mice. Tg founder mice were identified by PCR on genomic DNA with the following primers 5Flag: 5 0 -agcttggatccgaattcagcatggactacaaggacgacgat gacaaggc-3 0 and 3mA1: 5 0 -cgcggatccgtgttacttgaggagaaagag-3 0 . A1 Tg mice were backcrossed to C57BL/10 mice for more than 10 generations and then bred to RagF5 Tg mice. The genotyping of mice for the presence of F5 TCR, A1 transgene and the presence of Rag-1 genes was done by PCR, dot blots or flow cytometry. All mice, except B10-Q-H2 q /SgJ mice that were obtained from The Jackson laboratory (Bar Harbor, ME), were bred at the 'Plateau de Biologie Expérimentale de la Souris' under specific pathogen-free conditions and used at an age of day 1-15 weeks. For bone-marrow transfers, 10-14-week-old B10-Q-H2 q /SgJ mice were lethally irradiated with g-irradiation (9 Gy) 5 h before reconstitution with 5 Â 10 6 bone-marrow cells from donor mice. Recipient mice were analyzed 4 weeks after transfer.
Peptide treatment of RagF5 and RagF5-A1 Tg mice Cell culture DP thymocytes from 6 weeks-old mice were FACS-sorted according to CD4 and CD8 expression using FACSvantage SE option Diva (Becton Dickinson, Le Pont de Claix, France). Purity of DP isolated thymocytes was greater than 99%. FACS-sorted DP thymocytes were cultured at 1210 6 cells/ml in RPMI 1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 40 mg/ml gentamycin (Invitrogen Life Technologies, Cergy Pontoise, France) and 50 mg/ml 2-ME (Sigma-Aldrich) alone or in the presence of 10 mM of NP68 (366-374) peptide or 10 nM of dexamethasone (Sigma-Aldrich).
Cell staining and flow cytometry
The following antibodies for flow cytometry were obtained from BD Pharmingen: anti-CD8a-FITC, anti-CD8a-PE, anti-Vb11-PE, anti-CD25-PE, anti-CD4-PerCp-Cya5.5, anti-CD8a-PerCp-Cya5.5 and anti-CD44-APC. Pentamere anti-TCR F5 was purshased from Proimmune. For in vivo 5-bromo-2 0 -deoxyuridine (BrdU) labeling experiments, mice were injected with BrdU (BD Pharmingen) (130 mg/g of body mass, i.p.). At 5 h after injection, thymocytes were isolated and surface stained with anti-CD25-PE, anti-CD4-PerCp-Cya5.5, anti-CD8a-PerCp-Cya5.5 and anti-CD44-APC or anti-CD8a-PE and anti-CD4-PerCp-Cya5.5. The cells were the fixed and intracellularly stained with anti-BrdU-FITC using the BrdU flow kit from BD Pharmingen.
For the in vitro survival assay, apoptosis of FACS-sorted DP thymocytes was evaluated by annexin V staining (annexin V-FITC, BD Pharmingen).
